Background: Increased plasma total homocysteine (tHcy) is a risk factor for neurological diseases, but the underlying pathophysiology has not been adequately explained. Methods: We evaluated concentrations of tHcy, S-adenosyl homocysteine (SAH), S-adenosyl methionine (SAM), folate, and vitamin B 12 in cerebrospinal fluid (CSF) and plasma or serum from 182 patients with different neurological disorders. We measured concentrations of phosphorylated tau protein (P-tau; 181P) and ␤-amyloid(1-42) in the CSF. Results: Aging was associated with higher concentrations of tHcy and SAH in the CSF, in addition to lower concentrations of CSF folate and lower SAM:SAH ratio. Concentrations of CSF SAH and CSF folate correlated significantly with those of P-tau (r ‫؍‬ 0.46 and r ‫؍‬ ؊0.28, respectively). Moreover, P-tau correlated negatively with SAM:SAH ratio (r ‫؍‬ ؊0.40, P <0.001). The association between SAH and higher P-tau was observed in 3 age groups (<41, 41 to 60, and >60 years). CSF tHcy was predicted by concentrations of CSF cystathionine (␤ ‫؍‬ 0.478), folate (␤ ‫؍‬ ؊0.403), albumin (␤ ‫؍‬ 0.349), and age (␤ ‫؍‬ 0.298). Conclusions: tHcy concentration in the brain is related to age, B vitamins, and CSF albumin. Increase of CSF SAH is related to increased CSF P-tau; decreased degradation of P-tau might be a plausible explanation. Disturbed methyl group metabolism may be the link be-
The importance of methyl group metabolism for brain function has been recognized (1 ) . S-Adenosyl methionine (SAM) 3 is generated from methionine metabolism and constitutes a very important methyl donor in the central nervous system. In a 1st step, methionine is activated by ATP to form SAM. Subsequently, SAM is converted into S-adenosyl homocysteine (SAH) after donating its methyl group to other cellular components. SAH, a potent competitive inhibitor for several methyl transferases, binds to the enzymes with a greater affinity than SAM (2 ) . SAH is further hydrolyzed into homocysteine (Hcy) that can be either remethylated into methionine or transsulfurated to cysteine. Alternatively, Hcy can be converted via SAHhydrolase into SAH in a reversible reaction that favors the formation of SAH when concentrations of total Hcy (tHcy) increase. SAM-dependent methylation encompasses a wide range of biological reactions, including myelin synthesis; synthesis and catabolism of neurotransmitters and phospholipids; and methylation of proteins, RNA, and DNA (3 ) . Several neurological disorders have been related to abnormalities in methyl group or 1-carbon metabolisms (4, 5 ) .
In addition to its major role as a methyl donor, SAM represents a metabolic link between the methylation and the transsulfuration pathways (6 ) . SAM enhances the activity of cystathionine ␤ synthase, and thereby the flux of Hcy via the transsulfuration pathway, to produce more cysteine, the precursor of glutathione. Because folate (5-methyltetrahydrofolate) and vitamin B 12 (methyl cobalamin) play important roles in recycling Hcy to methionine, these 2 vitamins are considered essential for the availability of methyl groups in the brain. Substantial evidence suggests that the alternative remethylation pathway of Hcy via betaine-Hcy methyltransferase does not account for Hcy remethylation in the brain (7 ) .
Increased plasma tHcy is an independent risk factor for neurodegenerative and psychiatric disorders (5, 8 -13 ) . A tHcy concentration Ͼ10 mol/L in plasma has been associated with brain atrophy in elderly people (14 ) . Moreover, longitudinal studies demonstrated an association between baseline plasma tHcy concentrations and some measures of cognitive or memory decline after several years of follow-up (15, 16 ) . Increased plasma tHcy is associated with increased concentrations of tHcy and SAH in the brain (17 ) . This may explain the link between hyperhomocysteinemia and neural damage, but the underlying pathophysiology has not been adequately explained.
Neurodegenerative diseases share a common feature, accumulation of misfolded proteins. Tau and ␤-amyloid are 2 examples of proteins that accumulate in brains of patients with dementia. Concentrations of ␤-amyloid(1-42) and hyperphosphorylated tau protein (P-tau) (181P) in cerebrospinal fluid (CSF) predict the development of dementia (18 ) . A positive association between plasma concentrations of tHcy and ␤-amyloid(1-40) and ␤-amyloid(1-42) has been reported in neurodegenerative disease (11 ) . Moreover, tHcy can increase the vulnerability of neurons to being damaged by ␤-amyloid (19 ) . Likewise, hyperphosphorylation of tau influences its structure and association with the plasma membrane. Increased P-tau may be related to a lower phosphatase activity or to increased activity of kinases (see Fig. 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol53/ issue5).Because the activation of protein phosphatase 2A (PP2A) is SAM dependent, a possible link between dementia and reduced methylation has been hypothesized (20 ) ; this association has never been investigated in human studies. Data about the distributions and determinants of biomarkers of B vitamins and methylation status in blood and CSF are limited. We investigated the relationship of markers of neurodegeneration, methylation, and vitamin status in CSF samples from patients with neurological disorders. (21 ) . Exclusion criteria included renal or liver dysfunction and alcoholism. CSF samples contaminated with peripheral blood or hemoglobin were not included in the study.
subjects and methods
We collected nonfasting blood samples from all patients; serum and EDTA plasma were available; and CSF samples were obtained during clinically indicated lumbar punctures. Blood and CSF samples collected within 24 h of each other were directly centrifuged and stored at Ϫ80°C until analysis. Aliquots of the EDTA plasma and CSF were immediately deproteinized using perchloric acid (10%). These samples were stored at Ϫ80°C and used for SAM and SAH assays. The study was approved by the Ethics Committee at the Saarland University Hospital, and all patients gave written informed consent.
We measured concentrations of SAM and SAH by use of a modified liquid chromatography-tandem mass spectrometry method according to Gellekink et al. (22 ) . The CVs for SAM and SAH assays were 4.8% and 8%, respectively, at concentrations of 103 nmol/L for SAM and 15.6 nmol/L for SAH. We measured concentrations of tHcy, cystathionine (Cys), and methylmalonic acid (MMA) in serum and CSF samples by use of gas chromatographymass spectrometry as described (23 ) . The CV for tHcy in serum was Ͻ5% (at 8.0 and 16.0 mol/L) and Ͻ10% in CSF (at 0.30 mol/L). The CV for MMA was Ͻ6% in serum and CSF (at 290 and 540 nmol/L, respectively), and the CV for cystathionine was Ͻ8% in serum (at 300 nmol/L) and Ͻ10% in CSF (at 60 nmol/L). We used pool serum and pool CSF prepared in-house on each run with the study samples and to calculate CV.
We measured the concentrations of total vitamin B 12 and folate in serum and CSF by use of a chemiluminescence immunoassay (ADVIA Centaur System); plasma concentrations of vitamin B 6 (pyridoxal-5-phosphate, PLP) by use of HPLC connected with fluorescence detector using reagents from Immundiagnostik; concentrations of holotranscobalamin (holoTC) in serum and CSF by use of an RIA from Axis-Shield (24 ); concentrations in the CSF of P-tau(181P) and ␤-amyloid(1-42) by use of specific monoclonal antibodies against these 2 proteins (InnoGenetics); and concentrations of creatinine, cholesterol, triglycerides, and high-density and low-density cholesterol by use of routine methods at our laboratory.
statistical analyses
Data analyses were performed with SPSS (version 12). All continuous variables were skewed and were therefore log-transformed to approach gaussian distribution before applying tests that propose such a distribution of the data.
One-way ANOVA was used for multiple comparisons. The post hoc Tamhane test was performed to identify the significantly different group means when ANOVA was significant. Correlations between different variables were examined by Spearman test. All tests were 2-sided; P values Ͻ0.05 were considered statistically significant.
Results
The main characteristics of the study population according to disease are presented in Table 1 in the online Data Supplement. Concentrations of plasma/serum and CSF vitamin biomarkers are shown in Tables 1 and 2 . Patients with polyneuropathy were significantly older than control patients and had higher ratios of CSF/serum albumin. Concentrations of blood markers (tHcy, Cys, SAH, and SAM) were higher in patients with polyneuropathy than in control patients (Table 1) . Nevertheless, these results seem to be related to the older age of patients with polyneuropathy, because the differences were no longer significant after adjusting for age and CSF/serum albumin ratio (Table 1) .
Patients with dementia were much older than the control patients (see Table 1 in the online Data Supplement). Comparison between CSF and blood markers was not performed, because adjustment for age was not possible in this case. Patients with multiple sclerosis had higher serum concentrations of holoTC in addition to lower median concentrations of CSF SAH and higher CSF SAM:SAH ratios. Despite the marked age differences, patients with stroke showed no significant differences in any blood or CSF marker compared with control patients (Table 1) .
The age of our patients seemed to affect concentrations of the metabolites in CSF. To test this, we pooled the data from all study populations and divided our patients into 4 groups according to quartiles of age (Table 3 ). Higher age was associated with higher blood concentrations of tHcy, Cys, MMA, SAH, SAM, and creatinine. Lower concentrations of serum folate and holoTC were also related to advanced age. Concentrations of CSF tHcy and CSF SAH increased with age, and concentrations of CSF folate and ratios of SAM:SAH in CSF decreased with increasing age (Table 3) . Concentrations of CSF MMA tended to decrease with age, and concentrations of CSF holoTC and CSF SAM did not differ significantly with age (Table 3) .
To investigate the association between concentrations of CSF SAH and other vitamin biomarkers, we divided concentrations of CSF SAH into quartiles (data from all patient groups; Table 4 ). Higher concentrations of CSF SAH were related to higher concentrations of plasma SAH and SAM and slightly lower SAM:SAH ratios in the One very important association was observed between concentrations of CSF SAH and CSF P-tau (Table 4 )-a highly significant direct correlation was found (Fig. 1A) . CSF P-tau correlated negatively with SAM:SAH ratio (r ϭ Ϫ0.40, P Ͻ0.001). Furthermore, a negative correlation was found between CSF P-tau and CSF folate (Fig. 1B) . The correlations between CSF P-tau and either CSF SAH, CSF SAM:SAH, or CSF folate remained significant after adjusting for age. Fig. 2 shows median and 25th-75th percentiles of CSF SAH according to concentration of P-tau and age (Ͻ41, 41 to 60, and Ͼ60 years). In addition to the influence of age on concentrations of CSF SAH, we found among each age group that patients who had higher concentrations of P-tau also had higher concentrations of CSF SAH compared with patients of similar age and lower CSF P-tau.
We applied multiple backward regression analyses to find factors that significantly predict CSF tHcy, CSF SAH, and CSF SAM. Concentrations of CSF tHcy were predicted by CSF Cys (␤ ϭ 0.478), CSF folate (␤ ϭ Ϫ0.403), CSF albumin (␤ ϭ 0.349), and age (␤ ϭ 0.298). Significant predictors of concentrations of SAH in the CSF were CSF tHcy (␤ ϭ 0.377, P Ͻ0.001) and age (␤ ϭ 0.195, P ϭ 0.002). Concentrations of CSF SAM were not predicted by any marker estimated in this study. Moreover, concentrations of Cys correlated with SAM in the plasma (r ϭ 0.510, P Ͻ0.001), and this correlation was weaker in CSF (r ϭ 0.174, P ϭ 0.041). 
Discussion
Concentrations of tHcy or related biomarkers in CSF have been tested in only a few studies (18, 25 ) . Human studies demonstrated decreased SAM or increased tHcy or SAH in brain or CSF from patients with certain disorders of the central nervous system (26, 27 ) . The most remarkable finding in this study is that increased concentrations of P-tau in the brain may be related to disturbed Hcy metabolism or methylation status. These findings may be a plausible explanation for the association between Hcy metabolism and neurodegenerative diseases. Previous reports documented higher serum or plasma concentrations of tHcy and MMA in patients with dementia compared with nondemented individuals (5 ). Moreover, lower concentrations of CSF folate were observed in late-onset dementia patients compared with nondemented patients (28 ) . Our study has shown that concentrations of folate decrease and concentrations of tHcy (12) 13 (24) 13 (7) 14 ( Clinical Chemistry 53, No. 5, 2007 increase in CSF with age (Table 3) . CSF folate was a stronger predictor (␤ ϭ Ϫ0.403) of CSF tHcy than age (␤ ϭ 0.298). The positive correlation between plasma and CSF concentrations of tHcy has been confirmed by a previous study (29 ) . Therefore, increase of tHcy in the blood may indicate its increase in the brain, where tHcy can have many neurotoxic effects. Disturbed methyl group metabolism in the brain might be closely related to age and to methyl group metabolism in other parts of the body. As suggested by our results, increase of CSF SAH with age might be related to increased concentrations of tHcy in the plasma or in the CSF (Table 3) . Hcy is converted into SAH via SAH-hydrolase. The reaction in the SAH direction is favored in case of excess tHcy. This is in line with in vivo results showing that Hcy administration led to increased brain SAH (17 ) . Because SAH is a potent inhibitor of many transmethylases, the lower ratio of SAM:SAH in the CSF indicates a hypomethylation state in the brain and may affect several important biological pathways.
It is of interest that aging was related to higher CSF concentrations of tHcy and SAH, in addition to lower folate and lower ratio of SAM:SAH in the CSF (Table 3) . These metabolic changes with age may be very important factors that play a paramount role in the genesis of age-related disorders. In addition to the role of age as a significant modulator of CSF SAH, our data demonstrated that a lower folate status (in the circulation or in the CSF) is related to an increased concentration of SAH in the CSF (Table 4) . It is plausible that aging is associated with a higher concentration of SAH in CSF via decrease of CSF folate.
The abnormal aggregation of P-tau into paired helical filaments takes several decades to develop and is considered 1 of the hallmarks of Alzheimer disease. Tau aggregation that takes place in the cytosol is toxic for the neurons. Our study showed that concentrations of P-tau in the CSF are associated with concentrations of folate and SAH in the CSF (Fig. 1) . This association was independent of age and evident in each age group (Fig. 2) . Previous results of experimental folate deficiency in neuronal cells support our results (30 ) . Folate deprivation in neuroblastoma cells induced a marked increase in tHcy concentration, in addition to an increase in the immunoreactivity of P-tau (30 ) , and the increment of P-tau was reversible after adding folate to the cultures (30 ) . Animal studies have shown that P-tau accumulates in cases of diet-induced (folate deficiency) or genetic (apolipoprotein E deficiency) oxidative stress (31 ) . Whereas SAM treatment could partly restore oxidative stress, it could not reduce P-tau in apolipoprotein E-deficient animals (31 ) . Altogether, these results suggest that P-tau accumulates in folate deficiency and in cases of oxidative stress, but this phenotype is probably reversible, at least in short-term deficiency. Because reducing P-tau might lead to improved memory function, independent of paired helical filaments (32 ), tHcy-lowering treatment may improve memory function via reducing P-tau. This effect should be tested in folatedeficient individuals after vitamin supplementation.
There is a plausible biological mechanism by which folate deprivations or increased SAH can cause increased P-tau. The dephosphorylation of P-tau depends on the activity of PP2A (see Fig. 1 in the online Data Supplement). Activating this phosphatase is accomplished by a specific transmethylase, the phosphatase methyltransferase 1, which is SAM dependent (33 ) . Low concentrations of SAM or a low SAM:SAH ratio results in a lower activity of PP2A and accumulation of P-tau (20 ) . This is in line with our results, in which a lower SAM:SAH ratio was negatively related to concentrations of P-tau in the CSF. Earlier studies demonstrated that the protein concentration of phosphatase methyltransferase 1 and that of the methylated C subunit of PP2A were ϳ40% lower in frontal and temporal extracts from Alzheimer disease patients compared with control patients (34 ) . In addition, PP2A activity and gene expression were markedly reduced in the brains of Alzheimer disease patients (35 ) . As a whole, these data strongly suggest that alterations in methyl group metabolism may contribute to the etiology of dementia by inhibiting dephosphorylation of P-tau.
In the brains of Alzheimer disease patients, the intracerebral deposition of ␤-amyloid (mainly 1-42) is the most important pathologic process leading to dementia. In contrast to ␤-amyloid(1-40), ␤-amyloid(1-42) is insoluble and can accumulate in the plaques. Concentrations of ␤-amyloid(1-42) are lower in CSF from patients with dementia compared with nondemented patients. The ac- cumulation of ␤-amyloid is a long-term process that is thought to start at a young age. We found no association between ␤-amyloid(1-42) and methylation markers, vitamins, or tHcy in the whole group or in patients with dementia. Our patients, other than those with dementia, were not tested for cognitive performance, and we cannot exclude the possibility that some elderly people were slightly demented, which might affect concentrations of CSF ␤-amyloid(1-42). Available in vitro evidence has suggested that tHcy accelerates dementia by stimulating ␤-amyloid deposition in the brain (36 ) . In line with this, a positive association between plasma concentrations of tHcy and concentrations of ␤-amyloid has been documented in patients with neurodegenerative disease (11 ) . Another clinical study demonstrated that folate treatment lowered concentrations of plasma ␤-amyloid(1-40) (37 ). The effect of SAM or B vitamin treatments on the insoluble ␤-amyloid(1-42) protein in CSF has not been tested.
SAM treatment protects the neurons from degeneration by several mechanisms (38, 39 ) . The protective effect of SAM was suppressed by simultaneous administration of SAH (40 ) . These results, in addition to those of our study, suggest that increased SAH, rather than reduced SAM, may be a more important mediator in neurodegeneration. Because we demonstrated that CSF tHcy is an important determinant of CSF SAH (regression analysis), keeping tHcy and SAH at low concentrations may be important for preventing or slowing P-tau synthesis.
In summary, Hcy metabolism in the circulation is closely related to that in the brain. This relation seems to extend beyond a simple exchange of tHcy, SAH, SAM, or the vitamins across the blood-brain barrier. Higher SAH can cause P-tau accumulation, increasing the risk for neurodegenerative diseases. The response of P-tau to B vitamin treatment in deficient individuals needs to be investigated.
